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ABSTRACT 
 
 
This work consists in testing the Polyurethane Materials Elastocore and Elastocast in order to 
obtain their mechanical properties. The main objective is to determine if they can be used as 
flexible joints in bridge columns so as to reduce significantly damages produced by earthquakes. 
However, in the present study, only the results of the Elastocore samples are presented.  
 
Both types of polyurethanes are amorphous thermosetting polyether polyol-based polymers. 
Elastocast samples are prepared manually mixing Elastocast Resin and Isocyanate. Elastocore 
samples are prepared by the BASF company. 
 
Different types of tests have been conducted: compression, relaxation and cyclic tests. The 
mechanical properties of Elastocore are obtained from the results of the compression tests. 
Compression tests have been performed at six different rates in order to observe the different 
behavior of the material depending on the loading rate. The results showed that the Yield Strength 
and Modulus of Elasticity are sensitive to the loading rate. Higher rates imply higher values of 
both parameters.  
 
Mattock's model has also been used to obtain the mechanical properties of Elastocore. The values 
of the mechanical properties obtained with this method are similar to the ones obtained directly 
from the test. Moreover, the results showed that the Yield Strength and Modulus are sensitive to 
the loading rate as well.  
 
Finally, the structural analysis conducted by professor Sideris and Mohammad T. Nikoukalam is 
summarized. They performed structural tests of columns with a flexible joint at the base made of 
Polyurethane Materials. They applied axial and lateral loads to the columns and studied the 
different behaviors of the different Polyurethane Materials in order to determine the best option 
for this application.  
 
 
 
,	
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CHAPTER I: INTRODUCTION 
 
1.1 GENERAL ASPECTS 
The research presented herein is focused on the study of an innovative material for use in seismic 
applications, Polyurethane Materials. 
 
This work is part of a project that consists in conduct laboratory and computational research on 
the study of Polyurethane Materials as a means of mitigating seismically induced damage in 
bridges.  
 
The primary goal of the research is to explain the work performed at the Structures and Materials 
Testing Laboratory of the University of Colorado Boulder, US. This thesis was developed under 
the direction of Professor Sideris and the PhD student Mohammad T. Nikoukalam. 
 
Two different types of polyurethane materials have been studied: ELASTOCAST and 
ELASTOCORE. The materials that have been used to create the Elastocast samples are Elastocast 
Resin and Isocyanate. On the other hand, Elastocore samples are already prepared by the BASF 
(Badische Anilin und Soda Fabrik) company. Both types of polyurethanes are amorphous 
thermosetting polyether polyol-based polymers. 
 
The necessity of this research emerge from the initiative to create a material that can be used as a 
base isolator. Thus, it will be capable to dissipate the energy of an earthquake and as a result 
avoiding structural damages of buildings. For this reason, the material needs to provide not only 
stiffness but also other properties such as resilency, flexibility, elasticity, ductility, among others. 
In fact, Polyurethane materials have large deformation capacity and strength compared to 
traditional structural materials, such as concrete. Polyurethanes are used in the location of the 
plastic hinge of reinforced concrete bridge members to increase the deformation capacity and 
damage resistance of the members, as described in the work by Nikoukalam and Sideris (2016, 
2017)  
 
The experimental work that has been conducted at the laboratory consists in three different stages: 
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· The first part are the calculations which are needed to determine the required quantity of Resin 
and Isocyanate in order to create the ELASTOCAST samples.  
 
· During the second part, the samples were prepared mixing the two liquids in order to obtain a 
solid sample. After a curing time of a day, the sample ends need to be cut in order to obtain flat 
surfaces so as to be ready for the testing procedure. 
 
· Finally, the third part consists in testing the sample with the compression/tension test machine 
(810 MTS) under various loading rates, loading paths and environmental conditions. 
Compression, relaxation, cyclic relaxation and cyclic tests were performed. 
 
The data processing and analyzation was performed with different Matlab codes in order to obtain 
the mechanical properties of the material. Although the experimental part was conducted with 
both Elastocore and Elastocast, the data processing and analyzation is just done with the Elastore 
material.  
 
In brief, this material may be the key to solving the vast problems that originate earthquakes in 
seismic hazard zones of the word such as California, West South American coast, Japan, Italy, 
among others. Thus, we can say that the investigation of this material not only will provide better 
knowledges of Polyurethane Materials but also it will be a hope for all these areas that are in 
constant risk because of natural hazards.  
 
 
1.2 OBJECTIVES 
The main goals of this project are: 
 
· Executing uniaxial material testing. 
 
· Support investigation of the mechanical properties of polyurethane materials under various 
loading conditions.  
 
· Support development of constitutive relations for polyurethane materials. 
 
· Understanding the basic principles of model calibration (and function minimization). 
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· Understanding the basic properties of a smooth monotonic inelastic models. 
 
1.3 STRUCTURE OF THE PROJECT 
This project is basically structured in seven chapters in order to divide the different parts of the 
work: 
 
CHAPTER I. Introduction:  
In this chapter is introduced the main motivations and objectives for the development of this 
experimental project.  
 
CHAPTER II. State of the art:  
In this chapter the main properties know until nowadays of polymers and polyurethanes are 
explained. Moreover, some of the main applications of polyurethanes are exposed.  
 
CHAPTER III. Casting and sample preparation 
 In this chapter is described all the procedure of the sample preparation.  
 
CHAPTER IV. Experimental procedure: 
In this chapter is explained the whole testing process carried out. It includes a brief introduction 
of the testing tools and of the different types of tests performed. Moreover, the results of the 
tests are described here as well as the processing of the raw data. 
 
CHAPTER V. Characterization of mechanical properties 
In this chapter is explained how the main mechanical properties are obtained based on the 
results of the different tests using Mattock's model. 
 
CHAPTER VI. Models used to simulate PU materials  
In this chapter the constitutive relations used to model PU materials are explained. Moreover, 
the structural analysis conducted by professor Sideris and Mohammad T. Nikoukalam is 
summarized. 
 
CHAPTER VII. Conclusions  
In this chapter are exposed the main conclusions and the suggest future research lines. 
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CHAPTER II: STATE OF THE ART 
 
2.1 INTRODUCTION OF POLYMERS 
As it has been said, Polyurethanes are a type of polymers. The word Polymer originates from 
Greek word “polymeros”. This word is composed of two other words: “Poly” meaning many 
and “mer” meaning unit. Thus, Polymer means many units describing a polymer molecule.  
 
These units are often made of carbon and hydrogen and sometimes of oxygen, nitrogen, sulfur, 
chlorine, fluorine, phosphorous, and silicon. The ones that are made of carbon atoms consist in 
many carbon atoms bonded together into long chains. Moreover, one or more other atoms can be 
attached to the carbon atoms. Thus, the chain or the structure of polymers consists in many links 
chemically hooked together.  
 
The polymers studied in this project are thermoset types. These types of polymers have primary 
and secondary bonds between chains. They are also amorphous meaning that they are arranged 
randomly in a no particular order. The majority of polymers are thermoplastic, meaning that 
once the polymers are formed, they can be heated and molded over and over again. However, 
thermosets cannot be remelted and remolded since reheating will damage the material without 
achieving melting it. 
 
Figure 2.1 Structure of thermoset polymers 
All polymers have distinct properties, but in general, they follow the following attributes: 
 
· Polymers are very resistant to chemicals 
· Polymers can be thermal and electrical insulators  
Miquel Angel Serra Moll 
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· Polymers are very light in weight. 
· Polymers contain significant degrees of strength. 
· Polymers can be very flexible. 
· Some polymers can be can be foamed like polystyrene, polyurethane and polyethylene.  
 
 
2.2 PROPERTIES OF POLYMERS 
One of the main differences between polymers and other materials such as metals is that polymers 
have time and temperature dependent modulus while metals have constant Young’s modulus at 
room temperature. The Young’s modulus of a polymer can change by as much as a factor of 1000 
when the temperature is changed. 
We can define polymers as a viscoelastic material because they can exhibit al intermediate range 
of properties between an elastic solid and a viscous liquid. As a reminder, elastic solids have a 
definite shape and deforms under external forces. Moreover, they are capable of storing the energy 
of external forces applied and then restoring their own original shape when the force is removed. 
Finally, viscous liquids have not a definite shape and flow irreversibly under the action of external 
forces. 
Polymers present two types of phenomena because of its viscoelastic deformation: stress 
relaxation and creep. 
Creep is the tendency of a solid to deform slowly under the influence of a log-term exposure to 
high levels of mechanical constant stress σ0. However, these stresses are below the yield point of 
the material. When the stress is relieved, firstly, the strain immediately decreases suddenly and 
secondly, it continues decreasing gradually to a residual strain. 
In polymers, creep at low strains such as 1% is recoverable after unloading. Creep influence is 
higher at high temperatures. Figure 2.2 compares the creep of a viscoelastic material under two 
different levels of stress. The total strain is the combination of the three individual strains: 
 
e1: immediate elastic deformation 
e2: delayed elastic deformation or recovery. The extend of the recovery is proportional to the 
applied stress. It is similar to creep if we neglect the Newtonian flow. 
e3: Newtonian flow 
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Figure 2.2 Response of a linear viscoelastic solid under different loadings.  
It is important to notice that, as the material shows linear behavior, e1, e2, and e3 are proportional 
to the applied stress. 
 
On the other hand, stress relaxation takes place when an instantaneous strain is applied to a solid. 
For viscoelastic solids the instantaneous stress will be proportional to the applied strain and will 
decrease with time. If there is no viscous flow the stress decays to zero. 
 
 
 
Figure 2.3 Response of a linear viscoelastic solid under relaxation conditions. 
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2.3 INTRODUCTION OF POLYURETHANES 
Polyurethanes are composed of a reacting a polyol (an alcohol with two or more reactive hydroxyl 
groups per molecule) with a diisocyanate or a polymeric isocyanate in the presence of suitable 
catalysts and additives.  
 
Different diisocyanates and polyols can be used to produce different type of polyurethanes 
depending on the needs of the application. Thus, there are different types of Polyurethanes: 
 
· Flexible Polyurethane Foam:  
It is used as cushioning for furniture, automotive interiors and packaging. This type of polymer is 
light, durable, supportive and comfortable.  
 
· Rigid Polyurethane Foam:  
It is an important insulation material. It is capable to maintain uniform temperature and lower 
noise levels in homes. Therefore, it can be used in roofs, walls, windows and doors. 
 
· Polyurethane Coatings, Adhesives, Sealants:   
Polyurethane coatings can lengthen materials lifespan. Polyurethane adhesives provide strong 
bonding advantages. Polyurethane sealants provide tighter seals.  
 
· Elastomers:  
Polyurethane elastomers can be molded into the desired shape. They are lighter for example than 
metal. Moreover, they offer stress recovery and are resistant to many environmental factors. 
 
· Thermoplastic polyurethane (TPU): 
Is an elastomer that is thermoplastic. It is elastic, flexible and resistant to abrasion, high loads and 
environmental factors. 
 
· Binders:  
Polyurethane binders are used to adhere numerous types of materials. It is highly used in the 
manufacturing of wood panels and rubber. 
 
The main properties of Polyurethane materials are: 
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· Wide Range of Hardness: 
Depending on the molecular structure polyurethanes can be manufactured from 20 SHORE A to 
85 SHORE D in the hardness scale. 
 
 
Figure 2.4 Hardness scale. From Precision urethane & machine, inc. 
· High load bearing capacity: Polyurethane have a high load capacity in both tension and 
compression.  
· Flexibility 
· Abrasion and impact resistance 
· Tear resistance 
· Resistance to water, oil and grease 
· Electrical insulation properties 
· Wide resiliency range 
· Resistance to extreme environments and chemicals 
· Resistance to mold and fungus 
· Color Ranges: color pigments can be added to polyurethanes. For instance, ultraviolet 
shielding can be incorporated into the pigment to provide better stability in outdoor applications. 
· Economical manufacturing process and short production times 
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2.4 APPLICATIONS OF POLYURETHANES 
The main applications for Polyurethane materials are: 
 
· Apparel: 
Polyurethanes can be combined with nylon to make more lightweight cloths. 
 
· Appliances: 
Polyurethanes are an important part of appliances because they are used as rigid foams for 
refrigerators and freezers thermal insulation systems. This is due to their good thermal insulating 
properties. 
 
· Automotive: 
Polyurethanes are used in the car body, spoilers, doors and windows. Polyurethane reduce weight 
and so increase fuel economy, provide corrosion resistance, insulation and sound absorption. 
 
· Building and Construction: 
As polyurethanes are strong and light they are highly used in construction. Moreover, they are 
durable, have insulation properties. For instance, it is used in the roof since it helps the house stay 
cool during summer. 
 
· Composite Wood: 
Polyurethane-based binders are used in composite wood products to glue organic materials. 
 
· Electronics: 
They can protect electronics by providing excellent dielectric and temperature resistance 
properties. 
 
· Flooring: 
Polyurethanes can make the floors more durable. Using flexible polyurethane foam as a carpet 
underlay in building can increase the lifespan of the carpet. They protect its appearance, provide 
support and can reduce noise. 	
 
· Furnishings: 
Polyurethane in the form of flexible foam make furniture more durable, comfortable and 
Miquel Angel Serra Moll 
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supportive. 
 
· Marine: 
Polyurethane epoxy resins seal boat hulls from water, weather and corrosion. 
 
· Medical: 
Polyurethanes are used in  of medical applications such as catheter and general purpose tubing, , 
surgical drapes and wound dressings. 
 
· Packaging: 
Polyurethane packaging foam (PPF) is used to protect and transport many items, such as electronic 
equipment and delicate glassware. 
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CHAPTER III: CASTING AND SAMPLE PREPARATION 
 
3.1 INTRODUCTION 
Mechanical properties are of concern to many institutions for economical and research purposes. 
As a result, there must be some consistency in the manner in which tests are conducted. Thus, this 
is regulated by a professional society. In the United States, the American Society for Testing 
Materials (ASTM) is the responsible of stablishing the standards for the different types of tests 
and materials. Consequently, in order to prepare the samples, the ASTM D695 specifications have 
been followed: 
 
· Thus, all the specimens have cylinder form and the length is twice its principal diameter. 
 
· Moreover, all specimen ends have been cut so as to obtain smooth surfaces.  
 
· Temperature and humidity have been recorded for all tests. 
 
 
3.2 MIXING PROPORTION DETERMINATION 
As it has been explained, the materials that will be used to create the ELASTOCAST samples are 
Elastocast Resin and Isocyanate. Table 3.1show some properties of these materials: 
 
Table 3.1 Properties of ELASTCORE and ELASTOCAST resin and isocyanate 
 
 
The samples have been prepared in cylindrical molds of 2”x4”. In order to calculate the exact 
amount of Resin and ISO to be used, some calculations were performed: 
1. Calculate de Volume of the mold. 
2. Calculate de Weight:  
 𝑊 = 𝛾 · 𝑉𝑜𝑙 
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(3-2) 
(3-3) 
(3-4) 
 
Table 3.2 Calculations 
 
 
 
3. Once the total Weight is obtained, the required amount of Resin and ISO are calculated using 
the mix ration by weight of Resin and ISO:  
 
 𝛼 = 𝑀𝑖𝑥	𝑟𝑎𝑡𝑖𝑜	𝐼𝑆𝑂𝑀𝑖𝑥	𝑟𝑎𝑡𝑖𝑜	𝑅𝑒𝑠𝑖𝑛 
 𝐹𝑖𝑛𝑎𝑙	𝑊89:;< = 𝑊1 + 𝛼 
 𝐹𝑖𝑛𝑎𝑙	𝑊?@A = 𝑊 −𝑊89:;< 
 
 
 
Table 3.3 Final quantity of resin and ISO 
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3.3 ELASTOCAST SAMPLE PREPARATION 
 
In order to prepare three samples, we need the following materials and tools: 
 
· ELASTOCAST Resin (403g) 
· ELASTOCAST Isocyanate (322,8g) 
· Scale 
· Two buckets 
· Three Plastic cylindrical molds (2”x4”) 
· Mill or circular saw 
 
 
Figure 3.1 Elastocast Isocyanate (left) and Elastocast Resin (right). 
 
 
Figure 3.2 Cylindrical molds and their dimensions. 
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And the procedure that has been carried out is: 
 
1. Make sure that all the materials are clean.  
2. Shake the Resin and the Isocyanate containers.  
3. Tare the buckets on the scale and add to them the required amount of Resin to one and 
Isocyanate to the other one.  
4. Add the content of the Isocyanate bucket to the bucket that contains the Resin. 
5. Use a wood stick to mix the two liquids for a minute. The procedure must start with a slow 
mixing and then increase to a faster mixing. Moreover, it must include random mixing. 
6. Pour the mixture to the three cylindrical molds and let them cure for a day at room temperature 
(about 23º).  
7. After a day, separate the samples from the molds. 
8. Cut the top and the bottom of the samples with the mill in order to obtain flat surfaces. This is 
very important because if the surfaces are not completely flat we cannot test the specimens.  
 
  
 
Figure 3.3 Result of the casting process. 
 
 
As we can see in Figure 3.3, the new specimens contain air bubbles at the top end surface. This 
needs to be removed so this is another reason for cutting both ends. 
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Figure 3.4 More detail of the specimen after the casting process. 
 
Regarding the ELASTOCORE samples, as they are already prepared, they just need to have their 
surfaces cut in order to be ready to be tested.   
 
3.4 DESCRIPTION OF THE SAMPLES 
After the preparation procedure, the ELASTOCAST and the ELASTOCORE samples present 
different properties.  
 
ELASTOCAST specimens have an average height of 3,7059in (9,413cm), an average weight of 
218,16g and an average diameter of 1,96554in (4,992cm). The samples are completely black.  
 
ELASTOCORE specimens have an average height of 3,6251in (9,207cm), an average weight of 
212g and average diameter of 1,9717in (5,008cm). The samples are dark brown.  
 
Table 3.4 Average value of some of the dimensions of all the prepared specimens. 
 Height Weight Diameter Density 
ELASTOCAST 3,7059 in 218,16 g 1,96554 in 19.4 g/in3 
ELASTOCORE 3,6251 in 212 g 1,9717 in 19.15 g/in3 
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CHAPTER IV: EXPERIMENTAL PROCEDURE 
 
4.1 INTRODUCTION  
Material tests are classified as monotonic or cyclic. They are used to characterize the mechanical 
properties of many different types of materials.   
 
Examples of monotonic tests are tension, compression, relaxation, etc. In these tests, an increasing 
load (positive or negative) is applied to the specimen. The results of the compressive tests will be 
used to obtain the mechanical properties of the material. Usually, for example for metal testing, 
tensile tests are more common because they are easily to perform and approximately the same 
properties can be obtained than from a compression test. However, compression tests are more 
useful when the study of the material is under large and permanent strains or when the material is 
brittle. 
 
In cyclic tests, oscillating loads are applied. Usually, the load schemes may involve cyclical 
tension, compression or a combination of the two. 
 
The results of eight tests are presented. Table 4.1 shows the dimensions of the specimens tested. 
 
Table 4.1 Dimensions of the tested specimens. 
 
 
4.2 TESTING TOOLS 
The testing procedure was performed with a MTS 810 (Material Testing System). It is a 
servohydraulic testing system for static and dynamic tests. Its main features are: 
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· Force ranges from 25 kN (5.5 kip) to 500 kN (110 kip) and the ability to test materials ranging 
in strength from plastics to aluminum, composites and steel. 
 
· A large test space to accommodate standard, medium and large size specimens, grips, and 
environmental subsystems.  
 
· The capability to perform a wide variety of test. For instance: tensile, high cycle fatigue, 
fracture mechanics, and durability of components. 
 
Table 4.2 Properties of the MTS 810 machine 
 
 
 
Figure 4.1 MTS 810 and its components 
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In order to obtain more accurate results for the displacements, two displacement transducers 
(LVDTs) were used to monitor the displacement of the specimen during the testing. Thus, 
LVDTs have been combined with the MTS 810.  
 
The LVDT (linear variable differential transformer or linear variable displacement transformer) 
is a type of electrical transformer used for measuring linear displacement. 
 
In brief, an LVDT consists of a coil and a core. The coil assembly consists of three coils of wire 
wound on a hollow form. The core can slide through the center of the object. The inner coil is 
excited by an AC source as shown in Figure 4.2. The magnetic flux produced by this coil is 
coupled to the two secondary coils, inducing an AC voltage in each coil. When the core moves, 
the inner coil causes the induced voltages to change. The coils are connected so that the output 
voltage is the difference between the top secondary voltage and the bottom secondary voltage. 
This way, it is possible to relate the voltage with a displacement. 
 
 
Figure 4.2 LVDT structure. From National Instruments. 
 
 
4.3 TEST PREPARATION 
Before performing the tests, it is necessary to take four measures of the diameter of the sample to 
be tested, four more of the height and one of the weight. The purpose is to define the parameters 
required for every different type of test. 
 
Firstly, the 810 Material Test System has to be prepared: 
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·Turn on the 70 GMP pump. Leave it on low mode for 10min and then turn it on high mode and 
open de fans. 
 
· Install de grips (adjust them with the manual control valve), the steel plate and the aluminum 
plate on the bottom, steel plate. 
 
 
Figure 4.3 Picture of the grips and steel plates 
 
 
Figure 4.4 Picture of the aluminum plate 
 
· Add the LVDTs. Make sure to glue them with silicon to the aluminum plate. Make sure 
everything is well centered. 
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Figure 4.5 Pictures of the LVDTs. 
 
· Finally, lubricate the sample with silicon spray at its top and bottom in order to reduce frictional 
effects on the compression response. Make sure to center it.  
 
 
Figure 4.6 Picture of the MTS 810 with the specimen prepared for being tested. 
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Secondly, the MTS computer program has to be defined: 
 
· Apply 0.1 kip of preload.  
· Define the parameters depending on each test. 
 
Prepare the NI computer that controls the LVDTs. 
 
· Determine the sample rate: 32 Hz 
· Make sure the LVDTs are well connected 
 
4.4 COMPRESSION TESTS 
4.4.1 Introduction 
Compression tests are used to determine how a material reacts when it is under a compressive 
load. It consists in placing the sample between two plates that compress the entire sample. 
Consequently, the tested specimen is shortened in the direction of the applied forces and expands 
in the direction perpendicular to the force. The results of the tests are showed in a stress vs strain 
plot where:  
 𝜎 = 𝐹𝐴 
 𝜖 = 𝑙; − 𝑙F𝑙F = ∆𝑙𝑙F  
 
Where: 𝜎 = 𝑆𝑡𝑟𝑒𝑠𝑠 𝜖 = 𝑠𝑡𝑟𝑎𝑖𝑛 𝑙F = 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙	𝑙𝑒𝑛𝑔𝑡ℎ	𝑏𝑒𝑓𝑜𝑟𝑒	𝑎𝑛𝑦	𝑎𝑝𝑝𝑙𝑖𝑒𝑑	𝑙𝑜𝑎𝑑 𝑙;F = 𝑖𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑙𝑒𝑛𝑔ℎ𝑡 F	 = 	Force applied by the testing machine A	 = 	Original	crossectional	area	of	the	specimen Disp	 = 	displacement L	 = 	Average	height	of	the	specimen 
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Some properties that can be obtained with this kind of test are the elastic limit, yield strength, 
Young's Modulus, compressive strength, among others. The compressive properties include 
modulus of elasticity, deformation beyond yield point, yield stress and compressive strength.  We 
can obtain these parameters with the following calculations: 
 
· Compressive strength (CS): It is the capacity of a material or structure to withstand 
compressive load. It is obtained by dividing the maximum compressive load (CL) by the original 
minimum crossectional area of the specimen (A). 
 𝐶𝑆 = 𝐶𝐿𝐴   
 
· Yield strength (𝒇𝒚):  it is the stress at which a material begins to deform plastically. It is obtained 
by drawing a parallel line to the elastic region line starting at 0.02 strain. The stress point where 
both lines meet is the yield strength. 
 
 
Figure 4.7 Example of yield strength determination. 
 
· Compressive yield strength (CY): it is obtained by dividing the load at the yield strength (𝑓k) 
by the original minimum crossectional area of the specimen (A). 
 𝐶𝑌 = 𝑓𝑦𝐴   
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· Modulus of elasticity (E):  The modulus of elasticity it is the slope of the stress–strain curve in 
the elastic deformation region. It is defined as the constant of proportionality of the Hooke’s law. 
This modulus represents the stiffness or the material’s resistance to elastic deformation. The 
greater the modulus, the stiffer the material.  
 𝐸 = 𝑆𝑡𝑟𝑒𝑠𝑠𝑆𝑡𝑟𝑎𝑖𝑛 
 
 
 
Different compression tests have been performed. In all tests, a maximum strain of 10% and 20% 
for ELASTOCAST and ELASTOCORE respectively was used. Different values for the strain rate 
were used in order to compare the results with different rates. Also different sampling rates were 
used depending on the strain rate. 
 
Table 4.3 Characterization of the different loading rates used. Elastocore. 
 
 
In order to perform the tests, the test machine needs the values of the displacement rate and the 
loading ramp target value. Table 4.4 is an example of the Excel sheet used to obtain the required 
parameters. 
Table 4.4 Example of test preparation 
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This case is Loading protocol 2(monotonic), rate 1 and sample 1. 
 
The yellow cells are the inputs values used in this test. The initial height is the initial height of the 
sample used in this test. The Initial Displacement is the position of the bottom grip of the test 
machine before running the test.  
 
The green cells are the outputs values obtained that will be used to program the test machine. The 
displacement rate is the velocity of the bottom grip that will be used to compress the sample. The 
loading Ramp Abs target value is the final position where the bottom grip will stop compressing 
so as to achieve the desired strain.  
 
The displacement rate and the loading Ramp Abs target value are obtained using the following 
calculations: 
 Disp. Rate	 = 	“Initial	height” · 	“Eng. Strain	Rate” 
 Load. Ramp	 = 	“Initial	Displacement”	 − 	“Initial	height” · “Final	target	Eng. Strain” 
 
 
Figure shows the work that will be carried out by the test machine.  
 
 
Figure 4.8 Program of the MTS 810 
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4.4.2 Compression test results and data processing. 
As it has been said, this section will work just with the Elastocore material. The results obtained 
are raw data that cannot be worked with directly. Thus, it is necessary to apply some corrections 
to this data in order to start working and analyzing it.  
 
1. The first step is to obtain and load the raw data of the test with Matlab. 
 
2. The second step is the initialization or zeroing. In this part the initial values received from the 
different signals before running the test are zeroed. In other words, before running the test we 
obtain data that is not related with the test and needs to be removed. After removing this data, we 
obtain the data of the force, displacement and time of the MTS computer. Moreover, we obtain 
the displacements results of two LVDTs: LVDT16 and LVDT17.  
 
3. Stress and strain calculations. Although the raw data is already zeroed, we still have the 
displacement, time and force data and the results need to be showed in a stress vs strain graph. 
Therefore, the following calculations are conducted:  
 
 𝑆𝑡𝑟𝑒𝑠𝑠 = 𝐹𝐴 
 
 𝑆𝑡𝑟𝑎𝑖𝑛 = 𝐷𝑖𝑠𝑝𝐿  
 
Where: F	 = 	force A	 = 	Original	minimum	crossectional	area	of	the	specimen Disp	 = 	displacement L	 = 	Average	height	of	the	specimen 
 
4. Applying the filter to the raw data is the next step. A lowpass Butterworth filter with a low 
corner frequency is used. The Butterworth filter is one of the most basic electronic filters, designed 
to produce the flattest response possible up to the cutoff frequency. 
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5. The following step is to reduce the size of the data for calibration. The main purpose of this is 
to reduce the quantity of data points so as to do the calibration. 
 
6.  Finally, the Toe-correction is applied. All materials present a toe region AC which is not a 
property of the material. It is an error caused by a take-up of slack, a bad alignment or seating of 
the specimen. Therefore, this must be corrected so as the initial 0 is at point B and follows the 
Elastic modulus of the line CD as shown in Figure 4.9 
 
 
Figure 4.9 Toe correction representation 
 
The results of the different tests performed are showed separately depending on the rate: 
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4.4.1.1 Rate 1 
 
 
Figure 4.10 Elastocore, Stress vs Strain, R1 
 
𝐶𝑆 = 𝐶𝐿𝐴 = 𝐶𝐿𝜋𝑟x = 5.7043.054	 = 1.868 𝑘𝑠𝑖𝑖𝑛x 
 
 𝑓k = 4.65𝑘𝑠𝑖 
 
 𝐶𝑌 = 𝑓k𝐴 = 4.653.054 = 1.523	 𝑘𝑠𝑖𝑖𝑛x 
 
 𝐸 = 𝑆𝑡𝑟𝑒𝑠𝑠𝑆𝑡𝑟𝑎𝑖𝑛 = 2.2130.01507 = 146.85𝑘𝑠𝑖 
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4.4.1.1 Rate 2 
 
Figure 4.11 Elastocore, Stress vs Strain, R2 
 
𝐶𝑆 = 𝐶𝐿𝐴 = 𝐶𝐿𝜋𝑟x = 6.3973.053	 = 2.096 𝑘𝑠𝑖𝑖𝑛x 
 
 𝑓k = 5.3𝑘𝑠𝑖 
 𝐶𝑌 = 𝑓k𝐴 = 5.33.053 = 1.736	 𝑘𝑠𝑖𝑖𝑛x 
 
 𝐸 = 𝑆𝑡𝑟𝑒𝑠𝑠𝑆𝑡𝑟𝑎𝑖𝑛 = 2.4860.01635 = 152.049𝑘𝑠𝑖 
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4.4.1.3 Rate 3 
 
 
Figure 4.12 Elastocore, Stress vs Strain, R3 
 
𝐶𝑆 = 𝐶𝐿𝐴 = 𝐶𝐿𝜋𝑟x = 7.1163.047 = 2.335 𝑘𝑠𝑖𝑖𝑛x 
 
 𝑓k = 5.9𝑘𝑠𝑖 
 
 𝑓k = 𝑌𝑆𝐴 = 5.93.047 = 1.936	 𝑘𝑠𝑖𝑖𝑛x 
 𝐸 = 𝑆𝑡𝑟𝑒𝑠𝑠𝑆𝑡𝑟𝑎𝑖𝑛 = 1.2350.007754 = 159.273𝑘𝑠𝑖 
Miquel Angel Serra Moll 
  37 
 
 
4.4.1.4 Rate 4 
 
 
Figure 4.13 Elastocore, Stress vs Strain, R4 
 
𝐶𝑆 = 𝐶𝐿𝐴 = 𝐶𝐿𝜋𝑟x = 7.143.05 = 2.341 𝑘𝑠𝑖𝑖𝑛x 
 
 𝑓k = 6.25𝑘𝑠𝑖 
 
 𝐶𝑌 = 𝑓k𝐴 = 6.253.05 = 2.049	 𝑘𝑠𝑖𝑖𝑛x 
 
 𝐸 = 𝑆𝑡𝑟𝑒𝑠𝑠𝑆𝑡𝑟𝑎𝑖𝑛 = 1.1270.006934 = 162.53𝑘𝑠𝑖 
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4.4.1.5 Rate 5 
 
 
Figure 4.14 Elastocore, Stress vs Strain, R5 
 
𝐶𝑆 = 𝐶𝐿𝐴 = 𝐶𝐿𝜋𝑟x = 7.3783.059 = 2.412 𝑘𝑠𝑖𝑖𝑛x 
 
 𝑓k = 6.3𝑘𝑠𝑖 
 
 𝐶𝑌 = 𝑓k𝐴 = 6.33.059 = 2.06 𝑘𝑠𝑖𝑖𝑛x 
 
 𝐸 = 𝑆𝑡𝑟𝑒𝑠𝑠𝑆𝑡𝑟𝑎𝑖𝑛 = 1.2490.007805 = 160.026𝑘𝑠𝑖 
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4.4.1.6 Rate 6 
 
 
Figure 4.15 Elastocore, Stress vs Strain, R6 
 
𝐶𝑆 = 𝐶𝐿𝐴 = 𝐶𝐿𝜋𝑟x = 7.4793.051 = 2.451 𝑘𝑠𝑖𝑖𝑛x 
 
 𝑓k = 6.45𝑘𝑠𝑖 
 
 𝐶𝑌 = 𝑓k𝐴 = 6.453.051 = 2.114 𝑘𝑠𝑖𝑖𝑛x 
 
 𝐸 = 𝑆𝑡𝑟𝑒𝑠𝑠𝑆𝑡𝑟𝑎𝑖𝑛 = 1.4560.009087 = 160.229𝑘𝑠𝑖 
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4.4.1.7 Comparison 
 
Table 4.5 Comparison of all the results 
 
 
Compressive 
strength	(𝒌𝒔𝒊𝒊𝒏𝟐)    Yield Strength (𝒌𝒔𝒊) Compressive yield strength (𝒌𝒔𝒊𝒊𝒏𝟐) Modulus of elasticity (𝒌𝒔𝒊) 
R1 1.868 4.65 1.523 146.85 
R2 2.096 5.3 1.736 152.049 
R3 2.335 5.9 1.936 159.273 
R4 2.341 6.25 2.049 162.53 
R5 2.412 6.3 2.06 160.026 
R6 2.451 6.45 2.114 160.229 
Mean 2.2505 5.8083 1.903 156.8262 
Standard 
deviation 0.2049 0.6399 0.2097 5.5179 
 
Figure 4.16 Plot of all the stress vs strain curves of all rates 
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· Compressive strength: it increases as we increase the rate. This can be observed in more detail 
in Figures 4.17 and 4.18 where not all rates are plotted in the same graph. The maximum 
compressive load carried by the specimen during the test also increases as we increase the rate. 
Therefore, the higher the loading velocity is, the higher the needed stress is to achieve the same 
strain.  
· Yield Strength: it increases as we increase the rate. This means that the plastic region is achieved 
with more stress as we increase the rate. Moreover, this implies that higher rates contain larger 
elastic regions.  
· Compressive yield strength: It depends directly on the yield strength so it also increases as we 
increase the rate.  
· Modulus of elasticity: it increases as we increase the rate. However, there is an exception in 
rate 4 since this rate contains the higher value of the modulus of elasticity. This can be observed 
in more detail in Figure 4.18. This increase means that as the rate is higher, the material performs 
in a stiffer behavior.  
Figures 4.17 and 4.18 show in more detail all this changes caused by the effect of different rates 
applied.  
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Figure 4.17 Elastocore, Stress vs Strain, R1&R2 
 
Figure 4.18 Elastocore, Stress vs Strain, R1, R2, R3 and R4 
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4.5 RELAXATION TESTS 
 
4.5.1 Introduction 
Stress relaxation tests consists in applying a constant strain to the sample. The force needed to 
maintain that strain decreases with time. This is due to a re-arrangement of the material on the 
molecular or micro-scale. It is important to consider the temperature as the results depend on it. 
 
In other words, stress relaxation is the observed decrease in stress under the same amount of strain 
applied. Thus, to determine the stress-relaxation of a material, the decrease in stress is recorded 
over a long period of. The stress-relaxation rate is the slope of the curve at any point. 
 
This test can be performed in compression or tension, in air or in liquid and at different 
temperatures. This type of test provides important information for the life time estimation of the 
material.  
 
In our case, stress relaxation describes how PU materials relieve stress under constant strain 
because they are viscoelastic.  
 
 
Figure 4.19 Stress and strain behavior in relaxation tests  
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In order to perform this type of test, the test 810 MTS machine needs the values of the 
displacement rate, the holding time and the loading ramp target value. Table 4.6 is an example of 
the Excel sheet used to obtain the required documents. 
 
Table 4.6 Test preparation example 
 
 
This case is an ELASTOCORE sample. The yellow cells are the inputs values used in this test. 
The initial height is the initial height of the sample used in this test. The Initial Displacement is 
the position of the bottom grip of the test machine before running the test.  
 
The displacement rate is the velocity of the bottom grip that will be used to compress the sample. 
The loading Ramp Abs target value is the final position where the bottom grip will stop 
compressing. After this, the strain will be the maintained during the specified relaxation time. 
Figure 4.20 shows the work that will be carried out by the test machine.  
 
 
Figure 4.20 Program of the MTS 810 
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4.5.2 Relaxation test results. 
The results of one relaxation test are presented. The final target engineering strain is 5% and the 
rate used is rate 2. 
 
4.5.2.1 Rate 2 
 
Figure 4.21 Elastocore, relaxation test results (raw data and toe corrected data) 
 
Figure 4.22 Elastocore, Relaxation test results (toe corrected data) 
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The results show how while we maintain a constant strain the stress is reduced. The time that the 
strain has been maintained constant is 2 days. Thus, during this period of time the stress of the 
material has changed from 5.507ksi to 2.241ksi, in other words, the stress has been reduced 
3.266ksi.  
 
We can obtain the stress-relaxation rate using the line that represents the decrease in stress: 
 stress	relaxation	rate = 2.9570.09938 = 29.75	𝑘𝑠𝑖 
 
 
4.6 CYCLIC TESTS 
4.6.1 Introduction 
The cyclic test involves a repeating pattern of loading-unloading. In our case it will be strain-
controlled with the resulting stress observed but they can be stress-controlled with the resulting 
strain observed as well. The results of a cyclic test are complex as they contain creep, stress-
relaxation and permanent deformations.  
 
Figure 4.23 Strain and stress behavior under cyclic tests. 
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In order to perform the tests, the test machine needs the values of the displacement rate and the 
different loading ramp target values. Table 4.7 is an example of the Excel sheet used to obtain the 
required parameters. 
 
Table 4.7 Test preparation 
 
This case is Loading protocol 3(cyclic), rate 1 and sample 4. The yellow cells are the inputs values 
used in this test. The initial height is the initial height of the sample used in this test. The Initial 
Displacement is the position of the bottom grip of the test machine before running the test.  
 
In this case the final target engineering strain is 5%. Five amplitudes of loading and unloading 
will be performed before arriving to this final target strain. Each step will be repeated five times 
(cycles).  Figure 4.24 shows the work that will be carried out by the test machine. It is an example 
of three amplitudes and three cycles per amplitude.  
 
 
Figure 4.24 Program of the MTS 810 
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4.6.2 Cyclic test results 
4.6.2.1 Rate 2 
 
 
 
Figure 4.25 Elastocore, cyclic test results (raw data and toe corrected data). 
 
 
Figure 4.26 Elastocore, cyclic test results (toe corrected data). 
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It is important to notice that the stress difference between the maximum stress level at the first 
cycle and the maximum stress level at the last cycle increases in each amplitude. Each cycle in 
the same step has a lower maximum stress level. Meaning that the material gets a bit softer after 
each cycle because less stress is needed for the same strain. 
Table 4.8 Maximum stress values for the different cycles in each amplitude. 
 
 Amplitude 1 Amplitude 2 Amplitude 3 Amplitude 4 Amplitude 5 
Maximum stress 
at cycle 1 (ksi) 
3.175 5.153 5.658 6.034 6.554 
Maximum stress 
at cycle 5 (ksi) 
2.991 4.691 4.933 5.193 5.583 
Difference (ksi) 
0.184 0.462 0.725 0.841 0.971 
 
4.6.2.2 Comparison with monotonic R2
           
asdddddddddddFigure 4.27 Comparison of cyclic and monotonic test for the same rate. 
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CHAPTER V: CHARACTERITZATION OF MECHANICAL PROPERTIES 
 
5.1 INTRODUCTION  
This part of the project consists in obtaining the mechanical properties of the Elastocore material 
using a numerical model, specifically a matlab code for calibrating Mattock's model.  
 
Extracting the mechanical properties directly from the stress vs strain graphs is not a completely 
accurate method. Thus, using this model we can obtain better results and approximations.  
 
The parameters studied are: 
 
· Yield stress. 
· Modulus of elasticity.  
· Ratio of the postelastic to elastic modulus of a monostrand. 
· Smoothness factor that controls the transition from the elastic to the inelastic range 
 
The main idea is to obtain a stress vs strain graph using Mattock’s model. From the difference in 
stress between this model and the test results it is possible to obtain an error vector. Then, using 
the Matlab code “lsqnonlin” we will find the best values for the four parameters that make the 
error vector closer to 0 or minimum. Therefore, we will obtain a good approximation of the 
mechanical properties of the material.  
 
 
5.2 PROCEDURE 
· The first step is to prepare and to load the data. Mattock’s model focuses just on the loading part 
of the test, not on the unloading part.  
 
· From an initial guess value of the parameters, the Mattock’s model matlab code creates a model 
of the stress vs strain of the material. This model follows the following formula:  
 
𝜎 = 𝐸𝜀 𝑟k + (1 − 𝑟k) 1 + 𝜀𝐸𝑓k𝐾  

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where: 𝜎 = 𝑠𝑡𝑟𝑒𝑠𝑠.    𝜀 = 𝑠𝑡𝑟𝑎𝑖𝑛. 𝑟k = 𝑟𝑎𝑡𝑖𝑜	𝑜𝑓	𝑡ℎ𝑒	𝑝𝑜𝑠𝑡𝑒𝑙𝑎𝑠𝑡𝑖𝑐	𝑡𝑜	𝑒𝑙𝑎𝑠𝑡𝑖𝑐	𝑚𝑜𝑑𝑢𝑙𝑢𝑠	𝑜𝑓	𝑎	𝑚𝑜𝑛𝑜𝑠𝑡𝑟𝑎𝑛𝑑. 𝑓k = 𝑦𝑖𝑒𝑙𝑑	𝑠𝑡𝑟𝑒𝑛𝑔ℎ𝑡. 𝐸 = 𝑚𝑜𝑑𝑢𝑙𝑢𝑠	𝑜𝑓	𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦. 𝐾 = 𝑟𝑎𝑡𝑖𝑜	𝑜𝑓	𝑡ℎ𝑒	𝑎𝑐𝑡𝑢𝑎𝑙	𝑦𝑖𝑒𝑙𝑑	𝑠𝑡𝑟𝑒𝑠𝑠	𝑡𝑜	𝑡ℎ𝑒	𝑛𝑜𝑚𝑖𝑛𝑎𝑙	𝑦𝑖𝑒𝑙𝑑	𝑠𝑡𝑟𝑒𝑠𝑠	𝑓k. 𝐼	𝑤𝑖𝑙𝑙	𝑏𝑒	𝑒𝑞𝑢𝑎𝑙	𝑡𝑜	1	𝑎𝑙𝑤𝑎𝑦𝑠.	 𝑅 = 𝑠𝑚𝑜𝑜𝑡ℎ𝑛𝑒𝑠𝑠	𝑓𝑎𝑐𝑡𝑜𝑟	𝑡ℎ𝑎𝑡	𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠	𝑡ℎ𝑒	𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛	𝑓𝑟𝑜𝑚	𝑡ℎ𝑒	𝑒𝑙𝑎𝑠𝑡𝑖𝑐	𝑡𝑜	𝑡ℎ𝑒	𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐	𝑟𝑎𝑛𝑔𝑒. 
 
 
· Obtain the error vector resting the stress results of Mattock’s model with the original test results.  
 
· These steps are repeated with many iterations and with new values of the parameters until the 
error vector is minimized which means the results and the model are very similar. The matlab 
code “lsqnonlin” is in charge of these procedure. This code solves nonlinear least squares 
problems, including nonlinear data-fitting problems. As it has been said, it starts with an initial 
value of the parameters and finds a minimum of the sum of squares of the function. Lower and 
upper bounds are applied so as to obtain the results in the desired range.   
 
In Table 5.1 we can see an example of the procedure for R1. Eight iterations have been used and 
in every new iteration the sum of squares of the function is improved until a value close to zero is 
achieved. 
 
 
Table 5.1 Results of the sum of squares of the function for each iteration
 
 
Miquel Angel Serra Moll 
  52 
 
 
5.3 RESULTS 
 
5.3.1 Rate 1 
 
 
 
Figure 5.1 Test and model results 
 
 𝑓k	(𝑘𝑠𝑖) 𝐸	(𝑘𝑠𝑖) 𝑟k	(𝑘𝑠𝑖) 𝑅 𝐄𝐑𝐑𝐎𝐑	𝑓(𝑥) 
4.5889 144.0826 0.0450 5.6090 0.273044 
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5.3.2 Rate 2 
 
 
 
Figure 5.2 Test and model results 
 
 𝑓k	(𝑘𝑠𝑖) 𝐸	(𝑘𝑠𝑖) 𝑟k	(𝑘𝑠𝑖) 𝑅 𝐄𝐑𝐑𝐎𝐑	𝑓(𝑥) 
5.2866 151.2866 0.0402 5.2950 0.551224 
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5.3.3 Rate 3 
 
 
 
Figure 5.3 Test and model results 
 𝑓k	(𝑘𝑠𝑖) 𝐸	(𝑘𝑠𝑖) 𝑟k	(𝑘𝑠𝑖) 𝑅 𝐄𝐑𝐑𝐎𝐑	𝑓(𝑥) 
5.8606 156.3013 0.0486 4.7074 0.219455 
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5.3.4 Rate 4 
 
 
Figure 5.4 Test and model results 
 𝑓k	(𝑘𝑠𝑖) 𝐸	(𝑘𝑠𝑖) 𝑟k	(𝑘𝑠𝑖) 𝑅 𝐄𝐑𝐑𝐎𝐑	𝑓(𝑥) 
6.2135 158.8360 0.0385 4.7411 0.0863847 
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5.3.5 Rate 5 
 
 
Figure 5.5 Test and model results 
 𝑓k	(𝑘𝑠𝑖) 𝐸	(𝑘𝑠𝑖) 𝑟k	(𝑘𝑠𝑖) 𝑅 𝐄𝐑𝐑𝐎𝐑	𝑓(𝑥) 
6.2841 157.5822 0.0442 5.0480 0.0776161 
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5.3.6 Rate 6 
 
 
 
Figure 5.6 Test and model results 
 𝑓k	(𝑘𝑠𝑖) 𝐸	(𝑘𝑠𝑖) 𝑟k	(𝑘𝑠𝑖) 𝑅 𝐄𝐑𝐑𝐎𝐑	𝑓(𝑥) 
6.4037 161.5487 0.0375 4.8795 0.0776161 
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5.3.7 Comparison 
 
 
Figure 5.7 Test and model results for all rates 
Table 5.2 Comparison of the mechanical properties for all rates 
Rate 𝒇𝒚	(𝒌𝒔𝒊) 𝑬	(𝒌𝒔𝒊) 𝒓𝒚	(𝒌𝒔𝒊) 𝑹 
R1 4.5889 144.0826 0.0450 5.6090 
R2 5.2866 151.2866 0.0402 5.2950 
R3 5.8606 156.3013 0.0486 4.7074 
R4 6.2135 158.8360 0.0385 4.7411 
R5 6.2841 157.5822 0.0442 5.0480 
R6 6.4037 161.5487 0.0375 4.8795 
Mean 5.7729	
 
154.9395667	
 
0.042333333	
 
5.046666667	
 
Standard deviation 0.645419427	
 
5.757872226	
 
0.00392584	
 
0.319975924	
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·𝒇𝒚	(𝒌𝒔𝒊): It increases as we increase the rate. This means that the plastic region is achieved with 
more stress as we increase the rate. Moreover, this implies that higher rates contain larger elastic 
regions.  
·𝑬	(𝒌𝒔𝒊): It increases as we increase the rate. However, there is an exception in rate 4 since this 
rate contains a higher value than the modulus of elasticity of rate 5. Higher values of E also imply 
that he material performs in a stiffer behavior.  
·𝒓𝒚	(𝒌𝒔𝒊): This parameter does not follow a dependence of the rate. The values of R1 and R2 are 
very similar. R3 has the highest value. R4 and R6 are similar while R5 is higher and close to R3. 
Higher values of this parameter imply that the slope of the plastic region is higher. 
·𝑹: This parameter does not follow a dependence of the rate. The highest value is for R1 and the 
lowest for R3. Lower values of this parameter imply that the transition of the elastic region to the 
plastic region is more gradual.  
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5.3.8 Comparison between calculated and model parameters 
 
 
Table 5.3 Comparison of the mechanical properties for all rates 
 
Rate 
𝒇𝒚	 𝒌𝒔𝒊 	 𝐜𝐚𝐥𝐜𝐮𝐥𝐚𝐭𝐞𝐝 𝒇𝒚	 𝒌𝒔𝒊 	 𝒎𝒐𝒅𝒆𝒍 𝑬	 𝒌𝒔𝒊  	𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅	 𝑬	 𝒌𝒔𝒊 		𝒎𝒐𝒅𝒆𝒍 
R1 4.65 4.5889 146.85 144.0826 
R2 5.3 5.2866 152.049 151.2866 
R3 5.9 5.8606 159.273 156.3013 
R4 6.25 6.2135 162.53 158.8360 
R5 6.3 6.2841 160.026 157.5822 
R6 6.45 6.4037 160.229 161.5487 
Mean 5.808	
 
5.7729	
 
156.826	
	
154.9395667	
 
Standard 
deviation 
0.6399	
 
0.645419427	
 
5.518	
	
5.757872226	
 
 
 
As Table 5.3 presents, the values of the yield strength and modulus of elasticity obtained from the 
calibration model are close to the ones calculated directly from the graph. Therefore, the computed 
model is in good agreement with the experimental data. 
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CHAPTER VI: MODELS USED TO SIMULATE PU MATERIALS 
 
6.1 CONSTITUTIVE RELATIONS USED TO MODEL PU MATERIALS 
The response of polyurethanes includes rate dependency, hysteresis and damage and can be 
modeled using visco-elastic softening visco-plastic constitutive relations.  
 
The rheological representation of this family of constitutive models includes a set of parallel 
networks, some of which are elastic, visco-elastic or hyper-elastic and others include visco-plastic 
components with softening, in the form of reduction of the magnitude of the yield surface. 
 
Early versions of these models (Bergström and Boyce 1998, Bergström and Boyce 2000, Qi and 
Boyce 2004, Qi and Boyce 2005) included a nonlinear elastic network and a single time-dependent 
visco-plastic network.  
 
The nonlinear elastic network was modeled following the eight-chain modeled proposed by 
Arruda and Boyce (1993) accounting for molecular and microstructural considerations. The visco-
plastic component was modeled by an elastic spring in series with a visco-plastic slider.  
 
 
6.2 STRUCTURAL BRIDGE COLUMN ANALYSIS 
6.2.1 Introduction 
As it has been said, the main reason of the study of PU materials is their structural application in 
bridge columns. These materials could provide a reduction of losses and repair costs after the 
presence of an earthquake.  Although structures constructed with conventional seismic-proof 
designs are capable of dissipating energy by means of formation of plastic hinges at column’s 
ends, after the presence of an earthquake they suffer important damage.   
 
In order to perform the structural analysis, professor Sideris and Mohammad T. Nikoukalam 
conducted a column analysis with flexible joints at the base and internal unbounded 
posttensioning. The study of these joints was conducted with three different types of PU: 
Elastocast, Elastocorea and Elastoshore. In this way, the joints will present the PU properties and 
they will be deformable enough so as to sustain large lateral deformations without breakages.  
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Moreover, they will be stiff enough to sustain initial posttensioning and gravity loads. A three-
dimensional finite element model of a cantilever segmental concrete column with a flexible joint 
at the base was used to study these properties. This model is used in the general-purpose nonlinear 
finite element analysis program Abaqus and the Marlow model is conducted which uses the strain 
vs stress data from the compression tests of the different PU.  
 
6.2.2 Study of the column 
A reference column was used to compare the results. It was a segmental concrete cantilever 
column tested by Motaref. Moreover, the tested columns were prepared following this model only 
with the difference of modifying the base of the column which was made of PU materials. 
 
Therefore, the column used for the tests was a segmental concrete cantilever with a diameter of 
16in and a height of 72in with a flexible joint made of PU material in the base of height 20in and 
dimeter 16in. This part of the column composed of PU was modeled by using solid continuum 
hybrid elements with reduced integration. The yield stress and the compressive strength of the 
concrete were 64ksi respectively and 6.5ksi respectively while the yield strength of the 
posttensioning bars was 137ksi. The applied loads consisted of a gravity load of 80 kips, an initial 
posttensioning force of 110 kips and a lateral loading up to 10% drift ratio.   
 
6.2.2.1 Monotonic analysis 
Regarding the lateral loading, the Elastocast column sample shaked and suffered flexure at the 
base. Moreover, the part between the concrete and the Elastocast segment suffered damage as well 
as the part between the Elastocast segment and the foundation. The Elastocore sample suffered 
just flexure and the concrete was not damaged.  
 
Figure 6.2 shows the lateral force vs drift ratio for the different PU material columns. The 
Elastocast column behavior was very close to the reference column. The elastic lateral stiffness 
of the reference and the Elastocast columns were 83ksi and 68ksi respectively. The yielding base 
shear of the reference and Elastocast columns were 10ksi and 7ksi respectively. However, the 
Elastocast column suffered less damage. On the other hand, the Elastocore sample performed 
elastically with low lateral stiffness.  
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Figure 6.1 Results of the tests under axial loads (a,b,c) and under lateral loading (d,e,f). From Nikoukalam 
and Sideris, “Low-Damage Post-Tensioned Segmental Bridge Columns with Flexible End Joints for Seismic 
Accelerated Bridge Construction”   
 
 
 
Figure 6.2 Lateral force vs drift ratio for the different PU material columns. From Nikoukalam and 
Sideris, “Low-Damage Post-Tensioned Segmental Bridge Columns with Flexible End Joints for Seismic 
Accelerated Bridge Construction” 
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Regarding the axial loadings (gravity or DL and posttensioning or PT), the Elastocast column 
sample results were again close to the reference column results. Differently, the Elastocore axial 
deformation was 100 times higher. Hence, Elastocore samples are too much flexible and are not 
appropriate for this application.  
 
Table 6.1 Comparison between deformation results of the reference column and the PU materials. From 
Nikoukalam and Sideris, “Low-Damage Post-Tensioned Segmental Bridge Columns with Flexible End Joints 
for Seismic Accelerated Bridge Construction” 
 
 
 
 
6.2.2.2 Cyclic analysis 
Cyclic tests consisted in applying drift ratios from 0.25% to 10% with one cycle per amplitude.  
 
Figure 6.3 shows the lateral force vs drift ratio results of the reference column, Elastocast and 
Elastocore and Table 6.2 compares the values of the Maximum drift capacity and Maximum 
lateral load capacity. The Elastocast sample showed higher values of both properties than the 
reference columns. On the other hand, the Elastocore sample had better drift capacity but less 
lateral load resistance than the reference column.  
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Figure 6.3 Lateral force vs drift ratio the different PU material columns and the reference column. From 
Nikoukalam and Sideris, “Low-Damage Post-Tensioned Segmental Bridge Columns with Flexible End Joints 
for Seismic Accelerated Bridge Construction” 
 
 
Table 6.2 Comparison of the values of the Maximum drift capacity and Maximum lateral load capacity. 
From Nikoukalam and Sideris, “Low-Damage Post-Tensioned Segmental Bridge Columns with Flexible End 
Joints for Seismic Accelerated Bridge Construction” 
 
 
 
Regarding the energy dissipation, Figure 6.4 shows that the reference column dissipated more 
energy (55kip-in) than Elastocast (24.2kip-in) and Elastocore (0.0 kip-in). However, the reference 
columns suffered damage in a joint while the Elastocast column suffered very low breakages.  
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Figure 6.4 Dissipated energy vs Drift ratio of PU material columns and the reference column. From 
Nikoukalam and Sideris, “Low-Damage Post-Tensioned Segmental Bridge Columns with Flexible End 
Joints for Seismic Accelerated Bridge Construction” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Miquel Angel Serra Moll 
  67 
 
CHAPTER VII: CONCLUSIONS 
 
7.1 MAIN CONCLUSIONS 
The key findings and conclusions from the study of both polyurethane materials Elastocore and 
Elastocast in this research were: 
 
· The mechanical properties of Elastocore obtained directly from the stress vs strain graphs of the 
compressive tests are approximately (mean):  
 
Compressive strength	(¬:;;<­) = 2.2505  
Yield Strength (𝑘𝑠𝑖) = 5.808 
Modulus of elasticity (𝑘𝑠𝑖) = 156.82 
 
All these parameters increase their values as the loading rate is higher. Hence, for higher rates, 
the needed stress to achieve the same strain is higher. In other words, the material performs stiffer 
as the rate is higher. Moreover, higher Yield Strength values indicate that at high rates the elastic 
region is larger and more stress is need to achieve the plastic region. 
· From the relaxation test, Elastocore showed a stress relaxation rate of 29.75 ksi. Hence, this 
material is capable of reducing the force needed to maintain a constant strain. 
· The mechanical properties of Elastocore obtained from Mattock's model are approximately 
(mean):   
  
Yield Strength (𝑘𝑠𝑖) = 5.7729 
Modulus of elasticity (𝑘𝑠𝑖) = 154.9395667 𝑟k	 𝑘𝑠𝑖 = 0.042333333 𝑅 =	5.046666667 
 
From the Yield Strenght and Modulus of elasticy, the same conclusions are obtained than for the 
calculated mechanical properties. Thus, both properties are sensitive to the loading rate. In the 
contrary, 𝑟k and 𝑅 are not sensitive to the loading rate. 
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· The values of both yield strength and modulus of elastic obtained from the Mattock's model are 
close to the calculated ones directly from the graph. Therefore, the computed model is in good 
agreement with the experimental data. 
 
· Elastocore modulus of elasticity, 155ksi, is much lower than other construction materials such 
as concrete, 4351.13ksi, or steel (plain carbon and low-alloy steel), 30022.8ksi. This means that 
that Elastocore is much less stiffer than steel and concrete.  
 
· Regarding the structural analysis, professor Sideris and Mohammad T. Nikoukalam concluded 
that columns with a base joint made of PU material are capable of sustain large lateral loadings 
with just minor breakage to the concrete section and non to the PU segment. However, very 
flexible elastomers such as Elastocore suffer large axial deformations due to gravity loads and 
posttensioning. As a result, Elastocore is not appropriate for this type of application.  
 
 
7.2 FUTURE RESEARCH LINES 
 
Continued development of the study of these materials will give engineers greater flexibility to 
design structures that can withstand seismic and other types of loading. 
 
Among future research needs are the study of the mechanical properties of PU materials at 
different temperatures. As it has been explained, because of its viscoelastic behavior, PU 
mechanical properties depend on the temperature. Therefore, both the material and structural 
tests should be performed at different temperatures and evaluate the new obtained values of the 
mechanical properties.  
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